Present cancer treatments using chemotherapy are limited owing to both significant side effects to normal cells and high recurrence rates. In this study, we demonstrated cancer cell-targeting nanoparticles that load multiple anticancer agents for both specific treatments to cancer and substantial therapeutic effects. For this purpose, hyaluronic acid (HA) was conjugated to mesoporous silica nanoparticles (MSNs) for specifically targeting cancer cells. Moreover, the prepared HA-MSNs exhibited high drug loading potential and sustained drug release. Compared to bare MSNs, the HA-MSNs were internalized at an approximately three times higher rate in squamous cell carcinoma 7 (SCC7) cells. To enhance the anticancer effects of chemotherapy and photodynamic therapy (PDT), doxorubicin (DOX) and chlorin e6 (Ce6) were loaded in HA-MSNs (DOX/Ce6/HA-MSNs); the product exhibited highly effective cytotoxicity on green fluorescent protein-expressing squamous cell carcinoma 7 (SCC7) compared to the corresponding free drugs and HA-MSNs with DOX or Ce6 alone. This study indicates that the application of DOX/Ce6/HA-MSNs in chemotherapy and PDT exerts significant therapeutic effects against SCC7.
Introduction
Over the past 50 years, a large number of nanoparticles have been reported for improving therapeutic effects in tumor treatment [1] . The main purpose of the development of nanoparticles is to achieve effective drug delivery systems and maximize therapeutic effects [2, 3] . Among the various nanoparticles, mesoporous silica nanoparticles (MSNs) can be used as a drug delivery system loaded with multiple drugs to improve the therapeutic effects compared to the corresponding free drugs [4] [5] [6] . MSNs as drug delivery systems have also produced results exhibiting potential for chemotherapy and photodynamic therapy (PDT) [7, 8] . MSNs can incorporate hydrophobic anticancer drugs [9, 10] . The sequestration of drug molecules within the hydrophobic cores of MSNs enables sustained drug release properties in a regulated manner. MSNs can be conveniently modified for external triggering by pH, temperature, ultrasound, and light [11] .
To improve the drug delivery efficiency, specific targeting ligands such as peptides and antibodies have been tethered to the surface of nanoparticles via surface charge interaction or chemical conjugation [12] . Targeted nanoparticles more efficiently eradicate tumor tissues and provide increased cellular uptake compared to untargeted particles. For example, hyaluronic acid-(HA-) based nanoparticles are of high interest in targeted drug delivery systems and imaging probes. At present, the opportunity to develop a novel drug carrier with HA shown its novelty in tumor cell-specific targeting [13] . HA can be utilized as a specific ligand for targeting CD44-and CD168-overexpressing tumor cells such as Hela cells, HT29 cells, and SCC7 cells [14] [15] [16] [17] .
Monotherapy approaches using drugs such as dabrafenib and selumetinib represent conventional treatment methods for numerous types of tumors. However, monotherapeutic techniques result in the decimation of both healthy and cancerous cells owing to their nonspecific targeting, yielding insufficient therapeutic effects [18] . Combinatorial therapies, where two or more therapeutics are simultaneously used, generally result in enhanced therapeutic efficacy via additive or synergistic effects and can overcome drug resistance mechanisms. Moreover, the combinatorial approach can decrease the toxic effects on healthy cells owing to the lower therapeutic dosage of each administered drug while simultaneously enhancing the cytotoxic effects on cancer cells [19, 20] . However, conventional cocktail-based combinatorial therapy is generally limited by inconsistent tissue distribution and different cell permeability of individual drugs [21] . Encapsulating multiple drugs in nanosized drug carriers can achieve consistent pharmacokinetics and higher therapeutic effects; this depends on the physicochemical properties of the drug carriers such as the particle size, immune reaction, and surface charge [22] [23] [24] [25] .
PDT is a local treatment for oncological, cardiovascular, dermatological, and ophthalmic diseases [26] [27] [28] [29] [30] [31] . PDT uses singlet oxygen (SO, 1 O 2 ) produced from photosensitizer (PS) molecules under suitable light irradiation to induce cytotoxicity. Compared to chemotherapy or radiotherapy, PDT exhibits relatively minimal side effects when used in tumor treatments [32] . Recent studies have indicated that the combination of chemotherapy and PDT improves anticancer efficacy. Combination therapies that combine more than two treatments, such as chemotherapy and PDT, prevent drug resistance and produce synergistic anticancer effects; thereby, they inhibit P-glycoprotein-mediated drug efflux, which is a major drug resistance mechanism [33] [34] [35] [36] .
In this study, we developed HA-conjugated MSNs incorporating DOX and Ce6 (DOX/Ce6/HA-MSNs) for targeted chemotherapy and PDT to treat squamous cell carcinoma 7 (SCC7); this approach maximized the synergistic effects of the components. We compared the therapeutic effects of free DOX, free Ce6, DOX-loaded HA-MSNs (DOX/HA-MSNs), Ce6-loaded HA-MSNs (Ce6/HA-MSNs), and DOX and Ce6-loaded HA-MSNs (DOX/Ce6/HA-MSNs). In this comparison, we demonstrated that DOX/Ce6/HA-MSNs exhibited the result exhibiting the highest potential for removing SCC7 cells.
Experiment
2.1. Materials. Cetyltrimethylammonium bromide (CTAB, 98%), tetraethyl orthosilicate (TEOS, 99%), methylene (98%), and (3-aminopropyl)triethoxysilane (APTES, 99%) were purchased from Sigma-Aldrich Co. (Milwaukee, WI). Hyaluronic acid (HA; MW 6,400 and 215,000 Da) was purchased from Lifecore Biomedical (Chaska, MN, USA). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride n-hydrate (DMT-MM) was purchased from Wako Pure Chemical Industries Ltd. (Tokyo, Japan). Doxorubicin (DOX), dimethyl sulfoxide (DMSO), [37] . Briefly, mesitylene (10.5 mL, 73.2 mM) was added to an aqueous solution of CTAB (1.5 g, 4.1 mM) and mixed with 2-M NaOH (3.5 mL). After settling at 80°C, TEOS (7.5 mL, 33 mM) was added dropwise at the rate of 1 mL/min, and the mixture was stirred vigorously. After 2 h, the mixture was precipitated in methanol; the precipitates were isolated by filtration, washed with methanol, and dried at 65°C for one day to remove methanol. The crude MSN (2 g) was suspended in a methanolic solution (200 mL) containing concentrated HCl (1.5 mL) under sonication for 10 min and stirred for 6 h at 50°C to remove unreacted CTAB and mesitylene. Subsequently, the MSNs were isolated via filtration, washed with methanol, and dried at 65°C for one day. To obtain amine-functionalized MSNs (MSN-NH 2 ), the dried MSNs (500 mg) were refluxed in a toluene (10 mL) solution containing APTES (5 mL) at 110°C for 15 h. After this reaction, the MSN-NH 2 was isolated via filtration, washed with n-hexane and ethanol, and dried at 65°C for one day.
To target CD44 receptors expressed on the cancer cell surfaces, HA was chemically coupled to the surface of the MSN-NH 2 . HA (100 mg, MW 6,400) dissolved in deionized water (DW, 25 mL) was reacted with DMT-MM (43.2 mg) for 30 min to activate the carboxylic groups of HA. The activated HA was reacted with MSN-NH 2 (1 g) well-dispersed in DW (20 mL) for 12 h. Subsequently, the HA-modified MSNs (HA-MSNs) were centrifuged, washed three times with distilled water, and lyophilized for 2 days. To further evaluate the surface modification of HA on MSN-NH 2 and the intracellular uptake of HA-MSNs, the prepared Cy5.5-labeled HA (20 mg) (prepared via chemical conjugation of Cy5.5-NH 2 (5 mg) and HA (100 mg, MW 6,400) in the presence of DMT-MM (15 mg)) was chemically coupled to MSN-NH 2 (200 mg) using DMT-MM (8.6 mg) as described above. Fluorescence imaging of HA-MSNs dispersed in DW was performed using an IVIS imaging system (IVIS 200, Xenogen Corporation, CA, USA).
2.3.
Characterization of the Surface-Functionalized MSNs. To characterize the particle size, shape, and porosity, a variable pressure field emission scanning electron microscope (VP-FE-SEM; SUPRA-55VP, Carl Zeiss, Germany) and energy-filtered transmission electron microscope (EF-TEM; LEO912AB, Carl Zeiss) were used. For TEM analysis, a drop of the sample solution in methanol (0.5 mg/mL) was placed on a 200-mesh copper grid coated with carbon and air-dried prior to measurement. To verify the modification of the HA on the surface of the MSNs, solid-state 13 C cross-polarization magic angle spinning (CP/MAS) nuclear magnetic resonance (NMR) measurements were recorded at 400 MHz using a Bruker Avance II+ nuclear magnetic resonance spectrometer (Germany); this spectrometer had with a 4.0 mm zirconia rotor CP/MAS probe and a sample spinning rate of 8 kHz. The CP/MAS spectra were acquired with a delay time of 3.0 s.
Nitrogen adsorption-desorption analysis was performed using an adsorption analyzer (Micromeritics ASAP 2020, USA). According to the adsorption data, the BrunauerEmmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) models were used to calculate the specific surface area and pore size, respectively, of the prepared MSNs. The particle size distribution and zeta potential of the MSNs (1 mg) in 150 nM PBS (1 mL, pH 7.4) were measured using a Zetasizer 3000 instrument (Malvern Instruments Ltd.). To further evaluate the in vitro stability of the prepared HA-MSNs, 1 mg of the HA-MSNs was dispersed in PBS (pH 5.5 or 7.4), and the particle sizes were monitored for four days using a Zetasizer Nano-zs90 (Malvern Instruments Ltd., Malvern, UK).
2.4.
Characterization of the Drug-Loaded HA-MSNs. The dried HA-MSNs (0.9 mg) were dispersed in PBS (0.9 mL) and sonicated using a probe-type sonicator for 10 min. Ce6 (0.5 mg) was dissolved in 0.5 mL of ethanol, and DOX (0.5 mg) was dissolved in DMSO (0.5 mL). The Ce6 and DOX solutions were added dropwise to the HA-MSN solution (1 mg/mL) and stirred under light-protected conditions for 24 h. After centrifuging the resulting solution at 13,500 rpm for 15 min, the supernatant was collected to determine the drug loading content and efficiency. Subsequently, the drug-loaded HA-MSNs were washed three times with PBS and redispersed in PBS (1 mL). The particle sizes and zeta potential values of the drug-loaded HA-MSNs were measured using a Zetasizer Nano-zs90.
To determine the drug loading content and efficiency, the residual amount of drugs (Ce6 or DOX) in the collected supernatant was measured using a Synergy HTX multimode plate reader at 404 nm for Ce6 and 485 nm for DOX. Standard curves of the drugs (Ce6 or DOX) were used to calculate the remaining drug loading content and efficiency. The drug loading content was expressed as the mass of the drugs (Ce6 or DOX) loaded per gram of HA-MSNs, using the following formula [38] : 4 cells/mL/well) were seeded in a confocal dish and permitted to adhere for 24 h. The medium was replaced with a serum-free medium (2 mL) containing Cy5.5-labeled HA-MSNs (0-100 μg/mL). To verify the internalization of the drug-loaded nanoparticles, the medium was replaced with a serum-free medium (2 mL) containing DOX/HA-MSNs (equivalent of 5.1 μM DOX), Ce6/HA-MSNs (equivalent of 5 μM Ce6), or DOX/Ce6/-HA-MSNs (equivalent of 5 μM Ce6 and 5.1 μM DOX), and the cells were incubated for an additional 24 h.
For the blocking experiments, the cells (5 × 10 4 cells/mL/-well) were seeded in a confocal dish and permitted to adhere for 24 h. Then, the medium was replaced with a serum-free medium (2 mL) containing HA (10 mg, MW = 6,400); this was followed by an additional 2 h of incubation. After the addition of DOX/HA-MSNs (equivalent of 5.1 μM DOX), Ce6/HA-MSNs (equivalent of 5 μM Ce6), or DOX/Ce6/-HA-MSNs (equivalent of 5 μM Ce6 and 5.1 μM DOX), the cells were incubated for an additional 2 h.
After the cells were treated, they were washed with PBS (pH 7.4), fixed with a 4% paraformaldehyde solution for 30 min, and washed two times with PBS (pH 7.4). Subsequently, the cells were incubated in a DAPI solution (2 mL, 500 nM) over 30 min at 37°C. After the incubation, the cells were washed two times with PBS (pH 7.4). The intracellular Subsequently, the cells were washed with culture medium, and a CCK-8 assay solution was added to the cells. According to the manufacturer's instructions, the cells were further incubated for 1 h at 37°C. The cytotoxicity was evaluated by measuring the optical density using a Synergy HTX multimode plate reader at 450 nm.
To investigate the in vitro phototoxicity of free Ce6, Ce6/HA-MSNs, and DOX/Ce6/HA-MSNs, the cells were prepared via the methods used in the dark toxicity test. The medium was changed with a serum-free medium containing either free Ce6 (equivalent of 5 μM Ce6), Ce6/HA-MSNs (equivalent of 5 μM Ce6), or DOX/Ce6/HA-MSNs (equivalent of 5 μM Ce6 and 5.1 μM DOX). After incubation for 30 min, the medium was changed, and the cells were irradiated with a 670 nm CW laser (50 mW/cm 2 ) for 1 or 2 min; this was followed by incubation of the cells for an additional 18 h. The phototoxic effects of free Ce6, Ce6/HA-MSNs, or DOX/Ce6/HA-MSNs on the SCC7 cells were analyzed using the CCK-8 assay kit as described above. The optical density was measured using a Synergy HTX multimode plate reader at 450 nm. For the control experiment, the cells without radiation were evaluated simultaneously.
Statistical Analysis.
The data were expressed as mean ± standard deviation, and the comparisons were performed using one-way ANOVA tests (Systat Software Inc., Chicago, IL, USA). The differences were considered statistically significantly at * p < 0 05, * * p < 0 01, * * * p < 0 005, and * * * * p < 0 001.
Results and Discussion
The MSNs were reacted with APTES to introduce terminal amino groups and afford MSN-NH 2 [40, 41] . The SEM and TEM images reveal that the MSN-NH 2 exhibited a diameter ranging from 250 to 500 nm with a well-ordered hexagonal mesoporous structure (Figure 1(b) ). A thin layer, indicated by an arrow, was observed on the surface of the HA-MSNs; this demonstrates that HA molecules were immobilized on the MSN-NH 2 surface. The nitrogen adsorption-desorption plot of the MSN-NH 2 exhibits a typical type-IV isotherm profile, indicating the presence of mesopores [41] . The BET surface area, BJH desorption pore volume, and average pore diameter were calculated to be 621. Journal of Nanomaterials 4.07 nm, respectively; these are suitable for drug loading (Figure 1(c) ). To graft the HA molecules via an amide linkage, the amine groups of MSN-NH 2 were chemically reacted with the carboxylic groups of HA in the presence of DMT-MM as a crosslinker (Figure 1(a) ). The zeta potential of the MSN-NH 2 was 16 4 ± 6 79 mV owing to the amine groups on the silica surface [41] . After conjugating HA, the zeta potential of the HA-MSNs changed to a negative value (-40 0 ± 4 10 mV) (Figure 2(a) ); this is attributable to the carboxylic groups of HA molecules. The HA-grafting on the surface of the MSN-NH 2 was also verified by 13 C solid NMR analysis (Figure 2(b) ). The peaks observed at approximately 43, 26, and 9 ppm in the MSN-NH 2 spectrum can be assigned to the three types of methylene carbons on the APTES immobilized on the MSNs. These three peaks were also observed in the spectrum of the HA-MSNs; the other peaks at 66-184 ppm can be attributed to the C1 anomeric carbons, C2-C5 carbons, and carboxylate and/or carbonyl acetamide carbons of the HA polymers (103, 76, and 173 ppm, respectively; see the HA structure and indexing) [41, 42] . To verify the HA grafting on the MSN-NH 2 , Cy5.5-labeled HA-MSNs were synthesized. The MSN-NH 2 and HA-MSNs without Cy5.5 exhibited no color or fluorescence signals, whereas the Cy5.5-labeled HA-MSNs were sky blue and exhibited a strong fluorescence signal (Figure 2(c) ). These results indicated that HA was successfully grafted on the surface of the MSN-NH 2 .
The drug loading efficiency and content of Ce6/HA-MSNs, DOX/HA-MSNs, and DOX/Ce6/HA-MSNs Journal of Nanomaterials were determined by UV-vis absorption (Table 1 ). Owing to their typical absorbance peaks in DOX and Ce6, an error that can be caused by the absorbance band overlap between DOX and Ce6 would not be significant to affect the result of the calculation of drug loading capacity [43] . The loading of drugs in the HA-MSNs was 9.15% for Ce6/HA-MSNs, 9.48% for DOX/HA-MSNs, or 5.14% (Ce6) and 5.19% (DOX) for DOX/Ce6/HA-MSNs. Owing to the hydrophobic properties of Ce6 and DOX, these drugs were loaded within the hydrophobic pores of the HA-MSNs with a high loading efficiency. It appears that the well-developed homogeneous surface pores arrayed on the surface of the particle can contain an adequate number of anticancer drug molecules such as DOX and Ce6. This result demonstrates that Ce6 and DOX were loaded adequately to the surface of the pores through the observed change in the color of the sample from white to reddish [44] .
In addition, the cumulative drug release curves of Ce6/HA-MSNs, DOX/HA-MSNs, and DOX/Ce6/HA-MSNs in PBS at 37°C are shown in Figure 3 . Conceptually, this result shows DOX and Ce6 were in the surface of pores in HA-MSNs being released in time.
During the first 8 h, a rapid release of Ce6 or DOX was observed in all the systems. Subsequently, a gradual drug release was observed up to the cumulative release time of 48 h. For Ce6/HA-MSNs and DOX/HA-MSNs, the Ce6 and DOX release reached 84% and 95%, respectively, at 24 h. For DOX/Ce6/HA-MSNs, the Ce6 and DOX were released at rates of 84% and 90%, respectively, after 24 h. This indicated that the nanoparticle systems exhibited similar cumulative drug release trends at 24 h, with no remarkable differentiation. Meanwhile, the release profiles are likely to have been affected by the different pH conditions. Whereas a previous study reported that the rate of release of DOX from MSNs was similar at both pH 5.0 and pH 7.4 [45] , another study indicated that low stability and hydrolysis of MSNs in an acidic condition can cause faster drug release than those in a neutral or an alkaline condition [46] . Thus, further investigation is required to verify it.
For effective PDT, the generation of singlet oxygen (SO) from the photoactivatable agents was evaluated. The SO generation from the Ce6/HA-MSNs and DOX/Ce6/HA-MSNs after light irradiation was monitored chemically with SOSG as a highly selective reagent for 1 O 2 [47] (Figure 4) . SOSG is weakly fluorescent without SO, whereas it emitted a strongly fluorescent signal after reaction with 1 O 2 [48] . During 670 nm laser irradiation, a marginal increase in the SOSG fluorescence emission was observed for Ce6/HA-MSNs and DOX/Ce6/HA-MSNs compared to that for free Ce6 in the solubilized state. This indicated that the SO generation was inhibited in the quenched state of Ce6/HA-MSNs and DOX/Ce6/HA-MSNs and that the hydrophobic Ce6 molecules were successfully loaded within the HA-MSNs. As shown in Figure 4 , the SOSG fluorescence of free Ce6 was the highest. The likely explanation is that the Ce6 molecules encapsulated in the MSNs were continuously released and were not completely exposed during the laser irradiation.
To evaluate the cytotoxicity and the CD44 receptor-mediated endocytosis of the nanoparticles, SCC7 cells were incubated with the prepared HA-MSNs. Most of Figure S1 ).
The intracellular uptake and CD44-mediated endocytosis of HA-MSNs with or without drugs were examined against SCC7 cells, which express CD44 receptors [15] . After 1 h of incubation with Cy5.5-labeled HA-MSNs, the fluorescence intensity increased significantly in a concentration-dependent manner (Supporting Information, Figure S2 ).
DOX is localized in a nucleus that is stained in blue by DAPI (Supporting Information, Figure S3) . Moreover, the localization of DOX in tumor cells could be a function of the incubation time, and it can remain in the cytosol if the cells had been captured while passing from the cytosol to the nucleus. It was observed that DOX was localized in the cytosol while shifting from the outer section to the nucleus through endocytosis [49] .
Otherwise, Ce6 is localized in the cytosol of tumor cells; SCC7 is mainly outside the membrane of the nucleus. The nucleus is stained in blue by DAPI. There is no overlapped location between Ce6 and the nucleus (Supporting Information, Figure S4) .
The fluorescence images shown in Figure 5 demonstrate that all the cells treated with the Ce6/HA-MSNs, DOX/-HA-MSNs, and DOX/Ce6/HA-MSNs exhibited red fluorescence dispersed in the cytoplasm or nuclei; this implies that the three drug-loaded HA-MSNs were successfully internalized by the SCC7 cells. The fluorescence of Ce6 was mainly observed in the cytoplasm of the cells treated with Ce6/HA-MSNs; meanwhile, the DOX fluorescence signal was observed primarily in the nuclear region, indicating that the DOX permeated the nuclear envelope and intercalated DNA [50] . Furthermore, when the cells were incubated with free HA as a specific CD44 ligand following the treatment of Ce6/HA-MSNs, DOX/HA-MSNs, or (Figure 7(a) ). Free DOX significantly decreased the cell viability in a dose-dependent manner. Although the DOX/MSNs and DOX/Ce6/HA-MSNs also exhibited cytotoxic effects, the cells treated with DOX/MSNs and DOX/Ce6/HA-MSNs exhibited higher cell viabilities than those exposed to free Dox. The cytotoxic effect of the DOX/MSNs and DOX/Ce6/-HA-MSNs could be induced after the DOX release from the nanoparticles, resulting in reduced cytotoxicity compared to the free DOX at identical time points. Meanwhile, the cells treated with Ce6/HA-MSNs exhibited >90% cell viability, indicating that the Ce6/HA-MSNs exerted no cytotoxic effects on the SCC7 cells without irradiation.
The in vitro chemo-and PDT effects of the free Ce6, Ce6/HA-MSNs, and DOX/Ce6/HA-MSNs on SCC7 cells were investigated using a CCK-8 kit. The cell viability was normalized to the control cells (no drug or laser irradiation). The treatments with free Ce6, Ce6/HA-MSNs, or DOX/Ce6/-HA-MSNs on the SCC7 cells were followed by studies on the laser irradiation-induced concentration-dependent phototoxicity (Figure 7(b) ). The PDT effect of the Ce6/HA-MSNs is approximately two times higher than that of the free Ce6 alone after 2 min of irradiation. Ce6 (5 μM) provoked approximately 25% cell death after 2 min of laser irradiation, whereas approximately 63% cell death was observed in the Ce6/HA-MSN-treated cells. The treatment of the DOX/-Ce6/HA-MSNs followed by laser irradiation induced the cell death of approximately 80% after 1 min of laser irradiation. These results demonstrate that DOX/Ce6/HA-MSNs exhibit better therapeutic effects on CD44 receptor-expressing cancer cells than monodrug-loaded-HA-MSNs.
Based on the in vitro results, we have recognized that the availability after it has been administrated and circulated in vivo should be identified and tested to determine the appropriate usage of the DOX/Ce6/HA-MSNs in different therapeutic working environments such as chemotherapy and photodynamic therapy and the method for circulating in vivo after the administration. It is likely to be a highly effective approach toward optimal cancer treatment in the future.
Conclusions
In this study, we designed CD44-targetable MSNs for chemoand PDT cancer therapy to alleviate the side effects of chemotherapy and synergistically induce therapeutic effects. We demonstrated that HA-MSNs are favorable nanocarriers with a remarkable CD44-targeting capability for effective dual-drug (DOX and Ce6) delivery to CD44-expressing cancer cells. DOX/Ce6/HA-MSNs exhibited cytotoxic effects after intracellular delivery of Dox via CD44-mediated endocytosis and remarkable phototoxicity induced by highly reactive SO generation in SCC7 cells after laser irradiation. These results indicate that chemo-and photoactivatable DOX/Ce6/HA-MSNs exhibit significant potential for application in cancer therapies in the future. 
